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Immuno-biology of herpes
Herpes simplex viruses type 1 and type 2 (HSV-1 & HSV-2) are infectious pathogens that cause serious diseases at every stage of life including fatal disseminated disease in newborns, to cold sores, genital ulcerations, eye disease, and fatal encephalitis in adults [2] [3] [4] [5] [6] . Recurrent ocular herpes infection (primarily by HSV-1) causes herpetic stromal keratitis (HSK), an immunopathological lesion of the cornea that can lead to blindness [7] [8] [9] [10] [11] . More than 450,000 people in the United States have a history of recurrent ocular herpes disease capable of causing loss of vision [7, 8, 12, 13] , and over 100 million individuals are infected with HSV-1 [14] . HSV-1 is also primarily responsible for oro-facial herpes, also known as oro-labial herpes, described as an eruption of painful sores in and around the mouth [15, 16] . Recurrent genital herpes infection (primarily by HSV-2) also leads to an immunopathological response that produces genital ulcerations and scarring [10, 11] . The prevalence of HSV-2 seropositive individuals at the age of 15 years and older, is estimated to be at least 45 million within the United States [17, 18] and well over 530 million worldwide, with a greater frequency of infection in women [19] [20] [21] . 30 to 60 percent of women receiving obstetric care in the United States are seropositive for HSV-1 and/or HSV-2, with their newborns particularly susceptible to neonatal infection, permanent brain damage, birth defects and death [22] [23] [24] .
The recent "failure" of genital herpes vaccine trials [1] , sets an open challenge and should motivate researchers to overcome this hurdle. In this vein, a novel "asymptomatic" herpes vaccine approach has recently been initiated. This strategy is based on characterizing the "symptomatic" and "asymptomatic" human T cell epitopes on HSV target antigens and selectively including those asymptomatic epitopes in the vaccine construct instead of using the full length of target antigen. The "symptomatic" epitopes, which may be harmful, are excluded from the asymptomatic vaccine. This novel approach is expected to improve the protective efficacy as well as eliminate the pathogenic effect of the vaccine.
Latency and reactivation
During primary HSV infection, virions are transported by retrograde flow along axons that connect the point of entry into the body to the nuclei of sensory neurons [25] [26] [27] [28] [29] . Viral replication occurs in a small number of sensory neurons, and the viral genome then remains in a non-reproductive latent state for the life of the host. The HSV-1 Latency-Associated Transcript (LAT) gene, the only viral gene abundantly transcribed during latent infection, promotes survival of infected sensory neurons by reducing apoptosis, thus keeping the virus in the immune sanctuary of neurons [30] . Recently we demonstrated that LAT functions as an immune evasion gene by inducing exhaustion of HSV-specific CD8 + T cells [28] and interfering with phenotypic and functional maturation of dendritic cells [29] . With periodic reactivation brought on by events such as physical, chemical or emotional stress, fever, UV light, and tissue damage, the virus is transported back down the axon to replicate again at or near the original point of entry into the body. Such reactivation can result in clinically apparent disease (lesions) or clinically inapparent (asymptomatic, or subclinical) infection. The mechanisms by which HSV establishes latency are being intensely investigated but remain incompletely understood [28, 29] .
Symptomatic and asymptomatic herpes
Shedding of reactivated HSV-1 and HSV-2 leads to clinically apparent recurrent herpetic disease (lesions) and is estimated to occur at rates of 3 to 28 percent in adults who harbor latent virus in their sensory neurons [20, 21, [31] [32] [33] [34] [35] . Recurrent disease ranges from rare episodes occurring once every 5-10 years, to outbreaks occurring monthly or even more frequently among a small proportion of "symptomatic patients" [20, 21, 31, 36] . For simplicity, one can categorize seropositive individuals based on the frequency of their recurrent disease into two major groups: (1) symptomatic individuals (with a history of recurrent corneal, genital and/or oro-facial herpetic disease); and (2) asymptomatic individuals (no history of any recurrent herpes disease at any location). Most seropositive individuals do not experience recurrent herpetic disease and are designated "asymptomatic" [21, 31, 34, 36, 37] . In contrast, in "symptomatic" individuals reactivation of latent virus can result in mild to severe herpetic disease [21, 31, 34, 36, 38] . It is not known why HSV-1 and HSV-2 reactivation/shedding is asymptomatic in some individuals and symptomatic in others, or why the frequency and severity of recurrent disease varies among symptomatic individuals. Interestingly, some studies conclude that for genital herpes, symptomatic and asymptomatic patients shed virus (spontaneous reactivation) at similar rates [34, 39] . It is likely to be the same for ocular herpes, since shedding rates in tears of asymptomatic individuals has been reported to be as high as 33.5% [36, 37, 40, 41] . In other studies, the rate of virus shedding in symptomatic individuals just prior to the appearance of recurrent disease appeared elevated compared to asymptomatic individuals, while between recurrent disease episodes the rate of virus shedding was similar in symptomatic and asymptomatic individuals [34, 39] . Thus, it is possible that in some instances increased virus reactivation as judged by virus shedding, may lead to recurrent disease. The immune mechanism(s) by which asymptomatic patients control herpetic disease and symptomatic patients do not remains to be fully elucidated [42] . Identifying these mechanisms, or at least the viral antigens (Ags) and epitopes involved, is critical to understanding how to protect against recurrent herpetic disease and for rational advances in therapeutic vaccine development.
Past pursuit of herpes simplex vaccines
Many therapeutic herpes simplex vaccines have been pursued in the last 8 decades (reviewed in [21] ). In spite of several past clinical trials (reviewed in [21] ), that started as early as the 1920's, no herpes simplex vaccine has been proven sufficiently safe and efficient to warrant commercial development. Inactivated virus prepared from formalin treated tissues of HSV-infected animals [43] [44] [45] and heat or UV-inactivated HSV grown in embryonic eggs [44, 46] were among the first attempted herpes vaccines. More recent herpes vaccine strategies include replication-defective virus; avirulent HSV mutants lacking ICP8, ICP10, dl5-29 or VHS genes; discontinuously replicating virus known as "disabled infectious single cycle" or "DISC"; a virus with a deletion of UL22 (glycoprotein H) [47] ; a non-replicating HSV-2 vaccine that lacks thymidine kinase (HSV-2 TK (−) ) [49, [54] [55] [56] ; RAV 9395 [58] , a live-attenuated HSV-2 strain G containing deletions of the virulence genes γ 1 34.5, UL55, and UL56 [58] ; attenuated live HSV vaccine strain R7020 [59] , deleted for UL54 (ICP27) through the promoter region of ICP4; AD472, an attenuated virus deleted for the γ 1 34.5 gene, UL55-56, UL43.5, and the US10-12 regions of HSV-2 strain G [60] ; dl5-29, a replication-defective virus also known as ACAM-529 [61] [62] [63] [64] [65] [66] ; and a promising live-attenuated vaccine containing an altered ICP0 [67] [68] [69] . A number of trials have also used recombinant live-attenuated adenovirus and vaccinia viruses expressing HSV protein antigens [70] [71] [72] . Other vaccine strategies include naked DNA plasmids [73] , viruslike particles (VLP) [75] , and recombinant Listeria monocytogens [76, 77] expressing a herpes T cell epitope. Unfortunately, the above vaccines have either not reached phase II clinical trials or have failed to provide significant efficacy in humans.
To reduce safety concerns associated with whole HSV-based or live vector immunizations [78] , several mainly protein-in-adjuvant vaccines have been introduced in the last two decades [4, 8, [78] [79] [80] [81] . Unfortunately, clinical trials using protein-in-adjuvant HSV-2 vaccines delivered parenterally in women of sero-discordant couples (in which one partner had the virus and the other did not) have shown limited success against genital herpes [1, 26, 78] . Recently, the same HSV-2 glycoprotein gD based vaccine was assessed in more than 8000 women who were seronegative for both HSV-1 and HSV-2. No protection was seen against HSV-2 disease or infection, although protection was seen against HSV-1 genital disease and infection [1] . In both studies good neutralizing antibody responses were elicited [1, 78] . These clinical trials [1, 78] , together with our recently reported pre-clinical study using an established murine model of intravaginal immunization [82] , suggest the importance of a vaccine that elevates T cell-based, rather than neutralizing antibody, immune responses [83] [84] [85] . Thus, T cells appeared to be an important part of naturally acquired protective immune responses against herpetic disease, and boosting "asymptomatic" T cells by vaccination has dominated much of our research effort.
T-cell-inducing herpes simplex vaccines -what's the future
Results with the above vaccine strategies have shown that cellular immunity, rather than humoral immunity, appears crucial for protection against herpes. A potential shortcoming of the above whole protein or whole virus vaccine strategies for herpes simplex virus is that they contain symptomatic as well as asymptomatic epitopes (discussed below). It is likely that Ag exposure during long-term herpes simplex infections may shape different T cell repertoires over time, in symptomatic and asymptomatic individuals. The unique epitopespecific T cell repertoire of each symptomatic and asymptomatic individual is thought to regulate whether herpes reactivation will result in viral control, asymptomatic persistence, or severe disease. Thus, in symptomatic individuals, reactivation of latent virus leads to induction of ineffective or "symptomatic" HSV-specific CD4+ and CD8+ T cells [34, 36, 38] . In contrast, in asymptomatic individuals, reactivation of latent virus leads to induction of protective or "asymptomatic" HSV-specific CD4+ and CD8+ T cells and subsequent virus control [34, 36, 38] .
Our recent findings support that symptomatic and asymptomatic individuals have different levels of HSV-specific T cell repertoires ( [42, [89] [90] [91] , Dervillez, submitted). We found that T cells from symptomatic and asymptomatic individuals, with similar HLA, have dramatically different profiles of responses to HSV epitopes. A set of human T cell epitopes from HSV-1 glycoproteins B and D (gB & gD) are strongly recognized by T-cells from HSV-1 seropositive asymptomatic individuals, but only weakly by T-cells from symptomatic individuals [42, [89] [90] [91] . In contrast, a different, non-overlapping set of gB and gD epitopes are strongly recognized by T-cells from symptomatic but not by T-cells from asymptomatic individuals. However, these differences are not due to clonal T cell deletion since there is not a complete lack of T cell response. The "asymptomatic" T cell precursor appears to exist in symptomatic patients and vice versa. Based on these findings, we hypothesize that a vaccine containing symptomatic epitopes may induce immunopathologic responses and thus mask protection induced by asymptomatic epitopes contained in the vaccine. This may explain why whole protein and whole virus vaccine strategies are not protective against herpes simplex virus. We therefore propose that the vaccine should contain only asymptomatic epitopes. This requires an epitope based vaccine approach.
Future therapeutic "asymptomatic" herpes vaccines
A good starting point for the development of an efficient therapeutic herpes vaccine would be to identify the matrices of protective "asymptomatic" Ags and epitopes strongly recognized by T cells from asymptomatic individuals (as illustrated in Fig. 1 ). Our preclinical vaccine trial in HLA transgenic (HLA Tg) rabbits showed that immunization with asymptomatic human CD8 + T-cell epitopes from HSV-1 gD, induced strong human epitopespecific CD8 + T cell responses, reduced HSV-1 shedding in tears and reduced corneal disease following an ocular challenge [2] . Rabbits have spontaneous reactivation of HSV-1 similar to humans (~10%). The rate of recurrent corneal disease in rabbits is also similar to that of humans. Our preliminary study suggests that HSV infected HLA transgenic rabbits that developed recurrent corneal disease (i.e., a "symptomatic" HLA transgenic rabbit) are able to respond to asymptomatic epitope vaccination (BenMohamed, unpublished data). This suggests that symptomatic individuals will be able to respond appropriately to a therapeutic asymptomatic epitope based vaccine and develop a CD8 T-cell response specific to the asymptomatic epitopes in the vaccine. In contrast, a therapeutic vaccine containing whole virus or whole viral proteins would be expected to induce symptomatic as well as asymptomatic CD8 T-cell responses, thus boosting harmful as well as protective immunity. Obviously, boosting harmful immunity should be avoided. This can be accomplished using an asymptomatic epitope based therapeutic vaccine.
Future perspective
Over the last four decades, the field of herpes simplex virus vaccine has progressed rapidly. The safety, immunogenicity and protective efficacy of many vaccine strategies have been assessed pre-clinically and clinically, leading to an appreciation that induction of cellular immunity is crucial for protection. A new vaccine strategy, that uses a mucosal vaccine based on "asymptomatic" T cell epitopes, can boost both local mucosal and systemic protective immunity in those individuals that are already infected. The identification and characterization of the spectrum of HSV-1 and HSV-2 epitopes recognized by T cells from asymptomatic and symptomatic patients, a relatively novel approach we have recently introduced [31, 42, 90] , should break new ground in our understanding of the immune mechanisms underlying herpes disease and may ultimately lead to an effective vaccine. A multitude of complex cellular and molecular mechanisms underlying the protective efficacy vs. pathology of "asymptomatic" and "symptomatic" T cell epitopes may be in play: (1) The pathogenic "symptomatic" epitopes may direct the T cell responses away from those that are best suited to clear the viral infection with minimal pathology. (2) An immunopathogenic "symptomatic" response might occur through stimulating low-affinity oligoclonal responses that inhibit broad-based high-affinity responses to other well-presented epitopes; thus deviating protective cytokine responses to damaging cytokine responses. (3) T cell crossreactivity with epitopes from other viruses, within or outside the herpes family, can also play roles in protective heterologous immunity vs. damaging heterologous immunopathology, as has been reported in other systems [92, 93] . (4) The precursor frequency, proliferative capacity, and functional properties of epitope-specific "symptomatic" and "asymptomatic" T cells in a given individual might also be a factor. Indeed, the T cell repertoire of individuals with the same MHC restriction elements can vary significantly because of "heterologous immunity" and "private specificity" (5) . There might also be differences in T cell infiltration/homing to sites of infection induced by "symptomatic" vs. "asymptomatic" epitopes. (6) "Asymptomatic epitopes" might trigger proliferation of "protective" T cells. Inversely, "symptomatic" epitopes might trigger proliferation of "pathogenic" T cells. The use of a human leukocyte antigen (HLA) transgenic rabbit model that (1) develops spontaneous HSV-1 reactivation; (2) develops recurrent ocular herpes disease, and (3) can mount a herpes specific T-cell response to HLA-restricted human T-cell epitopes, is expected to solve many problems in, and speed up development of, herpes vaccines for humans. Finally, we have recently found that there is significant exhaustion of HSV-1 specific CD8 + T-cells in sensory ganglia in mice during latency [28, 29] . This condition may well reduce the efficacy of CD8+ T cells in controlling reactivation in neurons. Therefore, it may be useful to complement the therapeutic asymptomatic epitope-based vaccine strategy by blocking the exhaustion-pathway. This is likely to result in an even stronger protective CD8 + T cell response in latently infected "symptomatic" individuals. Although some epitopes are immunogenic in vivo in animal models they are neither protective nor pathogenic and are therefore also excluded. The successful combination of the above criteria will determine the final asymptomatic epitopes (H) that will be included in a future multivalent "asymptomatic" vaccine against ocular herpes. Note that the selected asymptomatic epitopes also induce a weak T cell response in symptomatic individuals. Thus a repertoire of "asymptomatic" T cells do exist in the symptomatic individuals do exist but it must to be boosted by the future "asymptomatic therapeutic vaccine in order to induce protection.
